Introduction
Dyes enter the environment via wastewater streams of the dyeing, textile, tannery, and paint industries. 1 Methylene blue (MB) (Figure 1) , which is the subject of interest in this investigation, has long been used as a model for the adsorption of organic dye from aqueous solutions. 5 It is a basic cationic dye classified under the 'thiazin dyes' (color index: CI 52015 or Basic blue 9). 6 MB is also toxic such that it might cause permanent eye injury in the event of contact with the eyes, and rapid breathing or difficulty in breathing for a short period upon its inhalation, while ingestion through the mouth might result in a burning sensation, nausea, vomiting, profuse sweating, mental confusion, and methemoglobinemia. Adsorption implementations to accomplish MB removal cover a wide variety of low cost materials. The following adsorbents exemplify the recent investigations considering beech sawdust, 1 4 polymeric sorbents such as cross-linked poly(hydroxymethylacrylamide-co-acrylic acid) 21 and composite materials such as starch-graft-acrylic acid/Na-MMT nanocomposite hydrogels 22 and chitosan-g -poly(acrylic acid)/montmorillonite nanocomposites, 23 ionic composite hydrogels based on polyacrylamide and dextran sulfate, 24 polymethacrylic acid grafted cellulose/montmorillonite composite, 25 and graphene oxide-magnetite nanocomposite.
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Among these, clay minerals and zeolites are particularly attractive adsorbents since they are easily available at low cost due to their high abundance in nature, in addition to their excellent mechanical and thermal resistance, and large surface area thanks to their layered and lattice structure. Although aluminosilicates are desirable materials for adsorption procedures, aggregation and coagulation in aquatic environments are undesired features limiting their practical usage. This limitation can be minimized by the use of mineral/polymer composites. The polymer should be a hydrogel capable of swelling in aquatic solutions to enable the diffusion and/or transfer of the ions towards the mineral.
27 Polyacrylamide (PAAm) with a three-dimensional network and large numbers of amide side groups can meet this criterion such that it absorbs a large amount of water and shows stimuli-responsive properties to the various external parameters, e.g., temperature, pH, and solvent composition. 28 The practicality of composites has been proved with the The aim of this study was to investigate the adsorptive features of PAAm-Mt and PAAm-Z. The composites were synthesized and characterized by FT-IR, SEM, XRD, cation exchange capacity (CEC), and point of zero charge (PZC) analysis; the dependence of MB adsorption on concentration, temperature, contact time, and pH was also examined. The adsorptive features were defined with parameters derived from the compatibility of experimental data to adsorption models for isotherms, kinetics, and thermodynamics. Possible adsorption mechanisms were also proposed and interpreted by considering PZC, CEC, and pH dependence of adsorption.
Results and discussion

Effect of MB concentration: the isotherms
The amount of dye adsorbed on the composites (Q) was calculated by Eq. (1):
where Q (mol kg −1 ) represents the amount of MB adsorbed onto adsorbent, C i and C e (mol L −1 ) represent MB concentration before and after adsorption, respectively, V (L) is MB solution volume used, and w (kg) is the mass of adsorbent. The experimentally obtained adsorption isotherms for PAAm-Mt/Z were the distribution profiles of the concentration of the adsorbate in solution and that of adsorbent at equilibrium. For provision of the parameters specific to an adsorbate and adsorbent system, the compatibility of the experimental results to Langmuir, Freundlich, and Dubinin-Radushkevich models (Eqs. (2)-(4)) was tested:
Freundlich
where X L (mol kg −1 ) is the monolayer sorption capacity and K L (L mol −1 ) is a constant reflecting the sorption tendency. X F and β are the Freundlich constants and the heterogeneity factor, respectively. K DR is the constant related to the mean free energy of sorption, X DR (mol kg −1 ) is the theoretical saturation capacity, and ε is the Polanyi potential
where R and T are the ideal gas constant (8.314 J mol −1 K −1 ) and absolute temperature (K), respectively.
Free energy change (E DR /J mol −1 ) required to transfer 1 mol of ion from the infinity in solution to the solid surface is calculated from Eq. (6): Figure 2 and Table 1 illustrate the compatibility of the experimentally obtained MB adsorption with PAAm-Mt or PAAm-Z, and the parameters. The coefficients of regression obtained from the fitting of isotherms to the models of interest were statistically significant (P < 0.05). The isotherms were of Type-I with reference to the IUPAC physisorption classifications, 37 indicating that both composites had high affinity to MB adsorption. However, the magnitude of Langmuir monolayer adsorption capacities (X L = 0.14 and 0.08 mol kg −1 for PAAm-Z and PAAm-Mt) and 'K L ' values (20240 and 2285 L mol −1 for PAAm-Z and PAAm-Mt, respectively) signified the adsorption tendency was in favor of PAAm-Z. The favorability was also consistent with the parameters derived from Freundlich and DR models. The adsorption parameters provided in Table 1 Figures 3 and 4a-4d) . Moreover, when clay or clinoptilolite minerals are used in unprocessed form, they lead to aggression/coagulation problems; the practicality of the composite increases though. In fact, as seen in Table 2 • ) also appeared in the PAAm-Z pattern without any shift (Q refers to quartz). 38 These confirmed that PAAm-Mt is an intercalated nanocomposite, 'Z' is not a layered structure mineral, and PAAm-Z is a phase-separated microcomposite. also be the reason for higher adsorption, see Eq. (1) for NSC-g -PAAm/APT for 4 g L −1 ads. dose). Consequently, the results of this study implied that PAAm-Mt and especially PAAm-Z should be considered as favorite adsorbents due to their low cost and practicality.
The dimensionless separation factor (R L ), as a measure of the adsorption favorability, was calculated (0 < R L < 1, smaller is more favorable) by using the following equation:
where K L the Langmuir constant, 43 ranging between 0.387 and 0.008 for PAAm-Z and 0.848 and 0.065 for PAAm-Z for initial MB concentrations in the studied ranges (25-2000 mg L −1 ), indicating again that the adsorption was more favorable for PAAm-Z.
Further considerations of Langmuir parameters to predict the adsorbent doses (w/V as kg L −1 ) for the removal of 50% MB from a hypothetic solution (C 0 = 100 mg L −1 ) 27 were calculated by using the following equation: 
Temperature effect on adsorption and thermodynamic parameters
Thermodynamics of the adsorption was elucidated by the changes in distribution coefficients (
with temperature. The slopes (∆H/R) and intercepts ( ∆ S/R) of the depiction of 'ln K d ' vs. 1/T ( Figure 5 ) provided adsorption enthalpy and entropy with reference to
and ∆ G values for 298 K were then calculated from the Van t'Hoff equation:
The enthalpy and entropy changes were ∆H > 0 and ∆ S > 0 for MB adsorption onto both composites ( Table   3 ), implying that the overall process was endothermic and the randomness throughout the adsorption process increased. Gibbs free enthalpy change was ∆ G < 0, i.e. the adsorption process was spontaneous. For MB adsorption, the tendency of these magnitudes was concordant with those found by Ghosh and Bhattacharyya The findings of the present study are seemingly contrary to the adsorption phenomenon; the expected changes in entropy are negative since the molecules adsorbed onto the adsorbent are in more regular state than their state in the solution system. Furthermore, the adsorption process represents an energetically more stable situation, i.e. the enthalpy change is also expected to be negative. However, experimental determination of such values is only possible for solid (adsorbent)-gas (adsorbate) systems. As implied by Ghosh and Bhattacharyya, 8 the determination of entropy and enthalpy changes specifically for the adsorbate-adsorbent system in a solution is almost impossible due to the involvement of multicoactions out of the system alone, e.g., solvent-adsorbent, solvent-adsorbate, and dissociative coactions. Eventually, as reported here, the values determined in such studies represent the magnitude of changes in thermodynamic quantities throughout the whole process in the adsorption environment.
Effect of contact time
The kinetics of MB adsorption onto PAAm-Mt and PAAm-Z were investigated in view of dependence on MB concentration (200 and 500 mg L −1 MB) and temperature (293 and 313 K) for both composites; however, the results obtained for PAAm-Mt did not yield any significantly different results under the studied conditions. Thus, Table 4 contains only one set of results for PAAm-Mt. The compatibility of the time dependence of adsorption to pseudo-first and -second order kinetics, and Weber-Morris models (Eqs. (11)- (13)) is presented in Figures 6 and 7 .
Pseudo-first order model
Pseudo-second order model
Weber-Morris model Q t = k w1,2 t 0.5 , The coefficients of regression proved that the adsorption kinetics was best described by the second order model despite the fact that the fitting to the first order model was also significant (P < 0.05). Contrary to the rate constants, the sequence of initial adsorption rate (H 2 ) derived from the second order model was PAAm-Z > PAAm-Mt. The MB adsorption onto PAAm-Z was energetically evaluated to find out the adsorption activation energy and enthalpy (E A and ∆ H A ) by using Arrhenius equations.
As expected, the increasing temperature increased the adsorption constant (k 313K > k 298K ), from which the calculated values of the adsorption activation energy (E a ) and enthalpy ( ∆ H a ) were calculated as 9.4 kJ mol −1 and 7.0 kJ mol −1 , respectively. The overall process was endothermic ( ∆ H a > 0). Adsorption activation energy had a low value, indicating that the MB adsorption was controlled by the combination of chemical and physical (liquid film diffusion) processes. 44 This was also consistent with the suggestions of the compatibility of the data to the Weber-Morris model, providing two linear parts: one with a steep rise and the other with a low gradient providing two rate constants (k w1 and k w2 ). The former is associated with the combination of three physicochemical steps (migration of MB from solution to the surface, diffusion of dye through the boundary layer to the adsorbent surface, and adsorption of dye at the active sites), whereas the latter is the expression of intraparticle diffusion. 45 The values of k w1 significantly higher than those for k w2 (k w1 >> k w2 ) for both composites were proof the overall adsorption process was governed by the physicochemical interactions on which the contribution of intraparticle diffusion was not considerable.
Effect of pH
The values of point of zero charge (PZC) represent the pH of the solution where the net surface charge of the material is equal to zero; the surface is positively charged at pH < PZC and is negatively charged at pH > PZC. The PZC values of the composites were obtained for two separate solution environments by the pH measurements at initial and equilibrium: 0.1 M KNO 3 referring to the conventional method 46 and 500 mg L −1 MB, besides inspecting the change in MB adsorption with initial pH (see sections 3.2 and 3.3). The PZCs were calculated from the linearity of pH i vs. the change in difference ( ∆ pH = pH e -pH i ) , while the data were further considered for pH i vs. pH e to figure out the amphoteric features of composites (Figures 8a and 8b) . The PZC values were 7.4 and 9.2 for PAAm-Z and 8.8 and 8.9 for PAAm-Mt in the KNO 3 and MB solutions, respectively. This specified that the threshold pH of proton attraction (basicity) was shifted from pH 7.4 to pH 9.2 for PAAm-Z in MB, while there was no difference between the values determined for PAAm-Mt in both media. As illustrated in the insets, both composites had amphoteric features within the range of pH i 5-10, which buffered the solution environment to about neutral pH (pH e 6-8).
The changes in MB adsorption with initial pH were not significant ( Figure 9 ) such that the values of mean adsorption ± SEM were 0.021 ± 0.001 mol kg −1 (range = 0.016-0.023) for PAAm-Mt and 0.15 ± 0.0005 mol kg −1 (range = 0.14-0.15) for PAAm-Z. These results agreed with those reported in previous publications for montmorillonite and sepiolite 14 and natural zeolite 16 (the adsorbed amounts were constant at about 160
and 190 mg g −1 for montmorillonite and sepiolite, respectively, and 5 mg g −1 for zeolite at initial pH of 2-10).
However, some reports indicate that adsorption increased with increasing pH, e.g., for clay 11, 13 (from 60% to 95% at pH range from 2.0 to 6.5 and nearly constant at pH values up to 10), for silica nanosheets 19 (from 7.5 to 9.5 mg g −1 with increasing pH from 4.0 to 7.0), and for zeolite 15 (from 5 to 6.1 mg g −1 with increasing pH from 4 to 9), attributed to the negative charge increase on the surface of adsorbents with rising pH. On the other hand, the decrease at pH > 9 for clay-Na was ascribed to the variations in dimer/monomer-MB formations with pH changes. By considering the combination of the values of PZC and pH effect on MB adsorption studies, the following mechanisms could be envisaged (M is Si and/or Al, MB + is the dye) for which the readers may additionally refer to studies elucidating the adsorption mechanism by ion exchange between H + on the surface and MB + ions and/or complex formation between MB + and negatively charged centers on the adsorbent surface.
11,15,19,28
1. Mechanisms (1) and (2) should be the explanation of pH shifts and amphoteric properties observed in the PZC investigations,
2. The driving force of dye adsorption should be Coulomb (electrostatic) attractions (mechanisms (3)- (5)) and/or ion exchange resulting in complex formation:
(Mechanisms (3) and (5) might also be possible at any pH because of the presence of such available centers).
3. A covalent bonding of MB + with aluminosilicate surface (mechanism (6)) might also be proposed as suggested by Wang and Li.
The comparison of FT-IR spectra taken before and after MB adsorption ( Figure 10 ) indicated that the whole pattern of pure composites significantly diminished after MB adsorption but did not lead to a change in any specific peaks related to the functional groups. 
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This suggested that the interaction between MB molecules and aluminosilicate surface had high complexity. Although ≡ M -OH groups and positively charged auxochromes (N and/or S, see MB scheme) were expected to be the key components of adsorption, 3 their same FT-IR profiles should be evidence the chromophores ( π -electrons) of MB and H-bonds also took part in the adsorption mechanism. Due to these multiinteractions, the adsorbed MB molecules strongly bond to the composite surface.
In conclusion, the adsorptive features of aluminosilicates (montmorillonite and clinoptilolite) entrapped in PAAm for other complex organic compounds like MB were investigated. The composites (especially PAAm-Z) had considerably high adsorption capacities in comparison to previously reported aluminosilicate-based adsorbents. The adsorption was endothermic ( ∆H > 0) and the randomness at the solid-solution interface increased (∆ S > 0) throughout the adsorption process. The value of free adsorption enthalpy ( ∆ G < 0) was the indication of spontaneity. The adsorption kinetics could be explained by the pseudo-second order model and the adsorption was controlled by the combination of chemical and physical (liquid film diffusion) processes in which the contribution of intraparticle diffusion was not significant. This was consistent with the low value of the adsorption activation energy. The composites had amphoteric features buffering the adsorption environment to about neutral pH. Thus MB adsorption was not pH dependent. The driving force of adsorption was envisaged to be Coulomb (electrostatic) attractions and/or ion exchange resulting in complex formation. Overall, the application of zeolite as a naturally occurring aluminosilicate could be considered an economical alternative to the current adsorbents.
Experimental
Reagents
Na-montmorillonite in 98% purity was purchased from Sigma (USA 
Preparation of PAAm-Mt and PAAm-Z composites
PAAm-B and PAAm-Z was prepared by direct polymerization of AAm monomer in dispersions of Mt and Z to achieve 2:1 mass ratio of PAAm to the mineral. APS and TEMED as the initiator and propagator of the polymerization, and N,N'-methylene-bisacrylamide as cross linking agent were used. The obtained composite gels were washed with distilled water until effluent attained water conductivity, dried at ambient temperature, ground, and sieved to an average particle size of 50 mesh.
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The composites were characterized by FT-IR spectra (Unicam, Mattson-1000), XRD (Rigaku Ultima-IV), and SEM views (JEOL/JSM-6335F). The cation exchange capacity (CEC) of Mt, Z, and the composites was determined by ammonium acetate method 55 where the colorimetric technique was used for ammonium measurements. 56 Point of zero charge (PZC) of the composites was determined for two different solution environments: in the presence of 0.1 M KNO 3 as an inert electrolyte 46 and in the presence of MB, while testing the adsorption dependence on initial pH (see section 3.3).
MB uptake studies
Batch experiments were conducted to investigate the effect of initial MB concentration, contact time, temperature, and pH on adsorption. Certain fractions of the composites (0.1 g) were interacted with 10 mL of dye pHs were recorded after 24 h equilibration (A Thermo, Orion 420 A+ pH meter).
